Abstract-In previous work, an integrated analysis tool for predicting the strand-and bundle-level proximity losses was developed and experimentally verified using a 30 kW (continuous) surface permanent magnet (SPM) machine designed with fractional-slot concentrated windings. In this extended work, a new 200 kW (continuous) FSCW-SPM machine has been designed based on commercial specifications for a high-performance electric traction machine. Predicted proximity losses developed by applying the integrated analysis tool to this 200 kW machine match finite element analysis predictions very well over the speed range from 1500 r/min (corner point) to 6000 r/min (maximum speed). In addition to confirming the scalability of the proximity loss analysis tool to higher power machines, this investigation has also demonstrated that these larger FSCW-SPM machines are vulnerable to high proximity losses at high speeds. Special design features such as transposing the stator winding strands must be taken to suppress these losses that can otherwise reach unacceptably high levels without these techniques.
I. INTRODUCTION
Increasing demands for smaller and lighter ac machines in many transportation and industrial applications have intensified efforts to design high-speed ac machines that combine high power density and high efficiency [1] . The resulting increases in excitation frequencies aggravate several loss mechanisms in the machine. Techniques for modeling high-frequency losses in the iron [2] and magnets [3] together with techniques for minimizing these losses have been presented in the literature. However, increased frequencies also escalate the impact of skin and proximity effects in the machine stator windings, raising issues that have not been explored as thoroughly in the literature.
While the concept of skin effect losses has been dealt with thoroughly in the literature [4] , traditional models of eddy current losses in conductors have focused on transformers [5] and inductors. Mellor [6] has noted that high ratios of ac to dc resistances can be exhibited in permanent magnet (PM) machines with fractional-slot concentrated windings at high frequencies despite the adoption of stranded winding bundles. A distinguishing feature of these machines from transformers and inductors is the presence of the rotating flux density distributions in the airgap that is contributed by the spinning rotor magnets. Under loaded conditions, the conductors in the slot are exposed to a combination of the rotor magnet flux and the armature reaction flux caused by the stator current itself. The ac losses caused by the combination of these two flux components take the form of both strand-and bundlelevel proximity losses. The presence of these multiple sources and types of ac winding losses can cause confusion among machine designers who are tasked with minimizing these losses while posing significant challenges to efforts to segregate the multiple proximity loss components.
The magnetic flux density distributions inside the machine slots have been shown in the literature to be primarily 2-dimensional in nature. Analytical models have been developed to predict the fringing flux that is induced within the winding areas of both rotating machines and stationary transformers/inductors. Such flux distribution predictions have been shown to be quite accurate for surface PM machines [8] .
The flux distribution inside the slot due to the rotor magnet flux can be estimated analytically using conformal mapping techniques [9] . Conformal mapping approaches have also been presented for a variety of slot configurations with and without tooth-tip structures. Numerical techniques [10] have been shown to be effective in solving models with complex teeth-tip structures.
Taking advantage of these analytical methods, considerable progress has been reported recently [7] in the development of analytical tools to predict the ac proximity losses in fractional-slot concentrated winding (FSCW) surface permanent magnet (SPM) machines. More specifically, an integrated tool has been developed for predicting the total proximity losses in windings of FSCW-SPM machines consisting of both strand-level and bundle-level losses caused by either armature reaction or the rotating magnet flux. The model utilizes closed-form analytical techniques to estimate the total flux density distribution in the slots using a combination of Laplacian methods and conformal mapping. The calculated flux density impinging on each strand and bundle is then used to estimate the total proximity losses. The objective of this paper is to extend this work by investigating the scalability of the ac winding losses and the analytical tools to larger machines with higher power ratings. Machine configurations designed for a hybrid bus application utilizing surface PM rotor technology along with the concentrated windings are studied using the model and the results are compared with finite element results.
The effect of frequency presents an interesting result to the understanding of the proximity effects. Since it is difficult to model the effect of transposition on the proximity losses in this machine configuration, the analytical model is utilized to understand the nature of the ratio of AC to DC resistances with the litz, transposed and untransposed windings.
II. WINDING (AC) PROXIMITY LOSS MODEL
As a result of the high-frequency magnetic field components that appear in the winding slots during highspeed operation, circulating currents are induced on the conductor surfaces and also among the insulated strands in the same winding turn according to Faraday's Law. As noted in the preceding section, a comprehensive tool has been developed to estimate the magnetic flux density distribution and the resulting ac losses caused by the armature reaction and rotating magnet flux. A flowchart summarizing the structure of this integrated proximity loss calculation model is provided in Fig 1. The model accounts for both strand-level and bundle-level losses caused by either armature reaction or the rotating rotor flux contributed by the magnets. Closed-form analytical techniques are used to predict the flux distribution in the slot including Laplace's equation and conformal mapping. The magnetic flux impinging on each strand and bundle is used to estimate the total proximity losses. Finite element analysis is used to confirm the usefulness to this analytical tool for estimating the total proximity losses. Results from this model [7] have shown that the proximity loss distribution is different in SPM machines with open-slot and semi-closed stator slot configurations.
Confidence in the validity of this analytical tool has been established in the earlier work using the design details of a 30 kW (continuous) high-performance surface PM machine that was designed to meet demanding FreedomCar specifications. Comparisons of predicted proximity losses during maximum speed operation at 14,000 r/min have yielded very good agreement between results from the analytical model and FE analysis for individual loss components and combined totals. Measured loss results collected from a prototype version of the 30 kW machine have exhibited very good agreement with the predicted losses [15] , further strengthening confidence in the model. This favorable performance of the integrated loss model has been demonstrated for stators both with and without teeth-tips.
III. DESIGN PROCEDURE
In order to investigate the scalability of the proximity loss model, design exercises were undertaken to design new FSCW-SPM machines with considerably higher power ratings based on the performance specifications of manufactured ac traction machines. One of the highperformance PM traction machines that is being produced commercially today by Remy Inc. is the Model HVH410T machine that is rated at 200 kW continuous, 275 kW peak. Some of the performance specifications and key dimensions of this machine are provided in Table I [17] . Figure 2 shows the accompanying torque and power vs. speed performance characteristics for this machine under both peak and continuous operating conditions. Adopting a design approach similar to the one that was used for the 55 kW machine [18] , a high-speed FSCW-SPM machine was designed using the data in TABLE I for the performance objectives and constraints on key dimensions. More specifically, closed-form SPM machine models based on those developed by EL-Refaie [1] and Zhu [12] were used to design the new machine. While the machine was designed to meet the torque-and power-vs-speed characteristics in Fig.  2 , it is important to note that the machine was not optimized for maximum power density since that was an objective of this investigation. Instead, the machine was designed primarily to make it a suitable candidate for the evaluation of proximity losses using both closed-form and finite element (FE) analytical tools.
The new 200 kW (cont.) FSCW-SPM machine shares the same 2/5 slot/pole/phase configuration as the earlier 30 kW (cont.) machine that was analyzed, built, and tested in previous work. A cross-sectional view of new machine is provided in Fig. 3 , representing the basic repeating unit of this FSCW-SPM machine. Key dimensions and electromagnetic design parameters for this machine are provided in TABLE II. Table I . The predicted machine performance at the rated power (200 kW) corner speed of 1500 r/min is given in Table III . The design is operating with a high air-gap shear stress of 1.07 kPa (7.4 psi) and a continuous current density of 3.4 A/mm 2 that is generally considered to be reasonable for liquid cooling.
The predicted losses in the machine iron, copper, and losses are also provided in the table. Sintered NdFeB magnets are used in order to take advantage of their high remanent flux density for achieving high torque and power density. However, it is assumed that the magnets poles are each fabricated with six circumferential segments in order to reduce the eddy-current losses in the magnets during highspeed operation. The copper loss value presented in Table III does not include any proximity losses, corresponding to an implicit assumption of litz wire windings for this calculation. Despite this assumption, the predicted copper losses exceed both the iron and magnet losses at this corner point operating condition. The predicted machine efficiency ignoring any proximity losses exceeds 97% during rated power operation at the corner point speed.
IV. RESULTS OF STRAND ARRANGEMENT
One of the important prerequisites for calculating the proximity losses in the stator windings is to define the location of each conductor within the stator slots. In order to make the problem manageable with so many individual conductors, it is necessary to make some reasonable assumptions about the slot windings. One of the first assumptions is that the windings are distributed as uniformly as possible in each slot in a manner that avoids overlapping of the conductors while minimizing empty space in order to achieve the desired slot fill factor of 50%.
A second key assumption is that all of the tooth coils are identical so that the position a particular conductor strand is exactly the same in all of the coils. This assumption significantly simplifies the proximity loss analysis by making it possible to reduce the problem to calculating the proximity (Fig. 4) . Only 18 parallel strand circuits are shown.
losses in a single stator slot. Although the windings in an actual machine will not fully meet the terms of this assumption, available evidence suggests that the assumption is sound in practice.
A cross-section of the slot winding model used for the proximity loss calculations is shown in Fig. 4 . Since a double-layer winding has been selected for this machine, the coil winding around a stator tooth fills only half of the slot. The gauge of the insulated strands considered in this example is 14 AWG, with the radius of each copper strand being 0.814 mm. There are 44 parallel strands in each winding cable, and 6 series cable turns in the coil, yielding a total of 264 strand conductors in the coil winding.
The electrical equivalent circuit developed for this coil winding includes 44 parallel branches to represent the individual strands, although only 18 of these branches are shown in Fig. 5 . Each branch consists of 6 series subcircuits, with each subcircuit consisting of a series combination of inductor, resistor, and coupled back-emf voltage sources to represent a winding turn [15] .
The total proximity losses including both strand-and bundle-level components have been calculated here for the armature reaction case alone without the contribution from the rotating magnet flux linkage. The investigation has shown that the proximity losses for this machine are dominated by the armature reaction contribution, so the error introduced by neglecting the proximity loss component contributed by the rotor flux is negligible. Fig. 6 : Comparison of predicted strand currents using analytical and FE models for 22 of the strands of the untransposed Fig. 4 winding during rated power operation at 6000 r/min (500 Hz)
Comparison of predicted ratio ac-to-dc winding losses using analytical and FE models for Fig. 4 windings with untransposed cable over the frequency range from 100 to 500 Hz During the analysis in this section, it is assumed that there is no transposition (twisting) of the paralleled strand bundles in the coil winding. A comparison of the induced current amplitudes in individual strands between the analytical model and finite element model at a frequency of 500 Hz is shown in Fig. 6 . Good matches are obtained between the strand currents predicted by the analytical and the finite element models. The strong variation of the current amplitudes among the winding strands clearly indicates the presence of significant circulating currents and the resulting bundle-level proximity losses.
A comparison of the ac to dc loss ratio inside the stator slots is provided in Fig. 7 as a function of excitation frequency for the slot winding configuration in Fig. 4 . These results indicate that the predictions of the analytical model and FE analysis match very well over this frequency range.
The curves in Fig. 7 show that the amplitude of the P ac /P dc loss ratio rises to approximately 30 at the upper end of the speed (6000 r/min) and frequency (500 Hz), confirming the major impact of proximity losses in the untransposed winding. However, it should be noted that P ac /P dc loss ratio drops significantly by more than 30% when the complete coil winding is considered since the proximity losses in the end windings are very low. Rotor Speed [r/min] 
V. EFFECT OF TRANSPOSITION
The effect of winding transposition on the proximity losses and efficiency of the 200 kW (cont.) FSCW-SPM machine that was presented in Section III has been investigated with the help of the analytical model. The calculated P ac /P dc loss ratio is compared for three winding cases. One of these cases is the untransposed winding using AWG 14 conductor strands shown in Fig. 4 and discussed in the preceding section. The second case is the same winding configuration except that the 22-strand wire bundle is twisted (transposed) with a linear pitch of 200 mm for a full 360° rotation. Since the machine stack length is 240 mm, the considered winding pitch is not an integral multiple of the stack length, representing a nonideal test case. The third case is litz wire with a significantly higher strand count and a high level of strand and bundle transposition.
The predicted P ac /P dc loss ratio for the machine delivering its rated power of 200 kW is provided in Fig. 8 for the three different winding configurations as a function of excitation frequency. At the two extremes are: 1) the untransposed winding that reaches a P ac /P dc value of approx. 20 at maximum speed; and 2) the litz wire winding that incurs almost no proximity losses over the entire frequency range. Perhaps most interestingly, the transposed version of the Fig.  4 winding exhibits a predicted P ac /P dc loss ratio that reaches only 2.5 at maximum speed, falling much closer to the litz wire results than the untransposed winding values. This suggests that the majority of the value provided by litz wire for reducing proximity losses can be delivered by the transposed winding configuration.
The impact of these proximity loss results can be observed in the predicted machine efficiency curves presented in Fig. 9 for the same three machines over the same frequency range, plotted here as rotor speed. These results show that the machine with the untransposed windings suffers a drop of efficiency by over 13% at top speed compared to the litz winding case, providing a striking example of the serious impact that proximity losses can have on high-speed machine performance. In contrast, the machine with the transposed winding suffers a much lower reduction of only approx. 1% compared to the predicted efficiency with litz wire.
VI. CONCLUSIONS
This investigation has accomplished its two major objectives. First, the results presented in this paper confirm that the analytical techniques that were developed and verified for predicting proximity losses in a 30 kW (cont.) FSCW-SPM machine continue to work very well for considerably larger machines. In particular, the comparison between the proximity losses predicted for a 200 kW (cont.) machine by the analytical model and finite element analysis yields a very good match over a wide range of operating conditions. Although the 200 kW machine was not built and tested to provide experimental verification, the close match between the predicted and measured proximity losses in the smaller 30 kW machine lends some measure of confidence to the larger machine predictions as well. In summary, the scalability of the proximity loss analysis tools that have been developed appears to be very promising for larger machines.
The second significant conclusion from this study is confirmation that ac proximity losses continue to represent a significant challenge for high-speed FSCW-SPM machines as the power rating and physical size increases. For the 200 kW machine investigated in this work, the proximity losses with untransposed stator windings at the maximum speed of 6000 r/min are large enough to depress the predicted machine efficiency by 13%. Fortunately, the investigation has shown that these proximity losses can be suppressed very effectively by transposing the stator windings or using litz wire. Additional work is under way to investigate alternative machine design techniques that can be introduced to reduce proximity losses in high-speed FSCW-SPM machines.
